On the formation and vibronic spectroscopy of ␣-halobenzyl radicals in a supersonic expansion ␣-halobenzyl radicals, such as C 6 H 5 CHCl, C 6 H 5 CHBr, and C 6 H 5 CCl 2 , along with C 6 H 5 CH 2 , are generated by pyrolysis and photolysis methods. The mechanism of the formation of the ␣-halobenzyl radicals in a pyrolysis nozzle is analyzed. Secondary reactions play an important role in the pyrolysis process. Spectra of these supersonic jet cooled radicals are detected by laser induced fluorescence and multiphoton ionization techniques in the 21 200-23 500 cm Ϫ1 range. Assignment of important vibronic bands of the ␣-halobenzyl radicals is made by comparing their spectra to that of the benzyl radical and by employing rotational contour and vibrational mode analyses and ab initio calculations. The similarity between the vibronic structure of the benzyl radical and ␣-halobenzyl radicals suggests a similar vibronic coupling scheme for them. Substitution of halogen atoms on the methylene group of the benzyl radical has only a modest affect on the vibronic transitions studied. © 1997 American Institute of Physics. ͓S0021-9606͑97͒01133-1͔
I. INTRODUCTION
As the simplist aromatic radical belonging to the family of so called odd alternant hydrocarbons, the benzyl radical has been the subject of numerous spectroscopic and theoretical studies during the last four decades. Most of this attention has been concentrated on the two nearly degenerated excited electronic states 1 2 A 2 and 2 2 B 1 . The unusually weak intensity of these transitions, and their complex vibronic structure due to coupling of the two electronic states, have attracted special attention. Cossart-Magos and co-workers 1͑a͒-1͑c͒ definitively assigned the first electronic transition near 22 000 cm Ϫ1 as the 1 2 A 2 ←1 2 B 1 transition, and made the first attempt to explain the observed complex vibronic structure through 1 2 A 2 and 2 2 B 1 vibronic coupling. Recent contributions have mainly come from gas phase studies of jet cooled benzyl radical generated by techniques such as laser photolysis, discharge, pyrolysis and others. [2] [3] [4] [5] [6] Miller's group 2 has used laser induced fluorescence ͑LIF͒ to detect vibronic and rotational spectra of the benzyl radical. Selco and Carrick 3 have carried out a dispersed emission ͑DE͒ analysis of the benzyl radical generated in a corona discharge in a toluene-helium mixture. Our laboratory 4 has used multiphoton ionization ͑MPI͒ to study the benzyl radical and related species. Fukushima and Obi 5 have intensively studied dispersed fluorescence from individual vibronic levels of the benzyl radical. Eiden and Weisshaar 6 have devoted their effort to both MPI and pulsed field ionization ͑PFI͒ study of benzyl radicals. In a recent paper, 6͑d͒ these latter authors have compiled most of the available experimental and theoretical data, and modeled a nice scheme for the vibronic coupling mechanism in the 1 2 A 2 and 2 2 B 1 states of the benzyl radical.
Substituted benzyl radicals have also been subjected to many studies in order to elucidate a number of important radical properties; these include electron withdrawing, electron donating, resonance, and isotope substituent effects, as well as others. Earlier condensed phase studies have been discussed in a review article by Johnston. 7 Recent gas phase research has included a number of systems: p-fluorobenzyl, p-cyanobenzyl, p-xylyl, and ␣-duterated benzyl radicals by Obi and co-workers 5 using LIF and DE; Selco and Carrick 3͑c͒ have studied o-, m, and p-xylyl by the same approach they used for the benzyl radical; and Miller and co-workers
have studied o-, m, and p-xylyl system to elucidate both their vibronic and rotational spectra using LIF. The latter authors also have observed gas phase spectra of diphenyl, ␣-chlorodiphenyl, triphenyl methyl radicals and others.
2͑d͒
Using MPI, our lab 4 has studied duterated benzyl, and nitrogen substituted radicals ͑such as picolyl and lutidyl radicals͒. Weisshaar and co-workers 6͑c͒,6͑d͒ also studied deuterated benzyl radicals in detail by LIF, MPI, and PFI techniques.
In this paper, we report on ␣-chlorobenzyl (C 6 H 5 CHCl), ␣-dichlorobenzyl (C 6 H 5 CCl 2 ), ␣-bromo benzyl (C 6 H 5 CHBr) along with the benzyl radical generated by 193 nm ArF laser photolysis and pyrolysis in a supersonic jet expansion. The well studied benzyl radical serves as a reference for both the experimental conditions and spectroscopic analysis. Excitation spectra in 430-465 nm wavelength range are recorded for these radicals by using LIF and MPI. The formation of ␣-halobenzyl radicals has been analyzed. The vibronic structures of ␣-halobenzyls have been analyzed through comparison to that of the benzyl radical.
The notation of symmetry species and vibrational modes adopted by different people have varied with time. We choose to use Mulliken's notation for all symmetry specifications in order to be consistent with the standard coordinate system adopted in theoretical calculations.
The axis system used in this work is indicated in Fig. 1 . C 6 H 5 CH 2 and C 6 H 5 CCl 2 have a C 2v symmetry, while C 6 H 5 CHCl and C 6 H 5 CHBr have a C s symmetry. Symmetry species A 2 , B 1 , and B 2 in C 2v reduce to AЉ, AЉ, and AЈ, respectively, in C s . Since the electronic states of different radicals under study all originate from the seven delocalized electrons common to all of them, we expect that certain similarities exist for these systems. For easy comparison, we choose the same x, y, z axis orientations for both C 2v and C s symmetries. The main rotational axes a, b, and c for C 6 H 5 CHCl and C 6 H 5 CHBr are oriented differently as indicated. As for the vibrational modes, we still use traditional notation 9 so that a comparison for similar vibrational modes among various benzyl radical related species is feasible.
II. PROCEDURES

A. Experiment
Precursors used in the work include C 6 H 5 CH 2 X ͑XϭH, Cl, Br, I͒, C 6 H 5 CHCl 2 , and C 6 H 5 CCl 3 . They are all purchased from Aldrich.
Either photolysis, pyrolysis, or both methods are tried to decompose these compounds to generate the appropriate reactive intermediates. Spectroscopic detection techniques used for photolysis and pyrolysis are MPI and LIF, respectively.
The experimental setup and detail procedure of photolysis-MPI has been demonstrated in a previous paper. 4͑b͒ Briefly, a 193 nm ArF excimer laser with an energy of roughly 80 mJ/pulse is lightly focused onto the exit region of an R. M. Jordan pulsed valve operating at 10 Hz. Helium is used as the expansion gas at a backing pressure of 80-100 psi. The radicals formed are collisionally cooled and travel downstream to a pair of ion extraction plates, where they are excited to certain vibronic states by a DCR IIA Nd:Yag pumped dye laser ͑spectra physics͒ and then ionized by a second similar laser. The ions created are extracted by a 250 V potential difference and accelerated into a time-of-flight mass spectrometer at 4 keV total kinetic energy. Mass resolved detection of the ionized radicals is achieved by using a Galieo Electro-Optics multichannel-plate ͑MCP͒ detector at the end of a 1.5 m flight tube. Various coumarin dyes are used for the excitation laser, while F548 ͑frequency doubled͒ is used for the ionization laser. These two laser pulses are spatially and temporally overlapped. Figure 2 shows a schematic diagram of the pyrolysis nozzle. This device is built based on a design of Chen et al. 10 and Ellison et al. 11 The central part of the nozzle is a 2 mm o.d., 1 mm i.d. Hexoloy SA ͑Carborundum Corp., Niagara Falls, NY͒ SiC tube of length 2.5 cm. The SiC tube is heated in an evacuated quartz capsule at 1100°C for 2 h prior to mounting on the nozzle to reduce its resistance from several hundred k⍀ to below 10 k⍀. thermocouple attached to the tube. When precursor molecules pass through the heating zone at high enough temperature, they thermally decompose.
The resistance of the SiC tube keeps dropping slowly in usage. To keep roughly the same temperature, one has to increase the voltage applied gradually so that the power supplied to the tube is roughly constant. This is accomplished by hand regulation of a variac voltage controller in the circuit.
Radicals exiting the nozzle tip are excited by the DCR II dye laser 1-to 1.5 cm downstream. The fluorescence light is collected by a 15 cm focal length lens (f/3) and then monitored by a Hamamatsu R943-02 or RCA 31034A photomultiplier tube connected to an EG&G ORTEC 9301 preamplifier.
B. Theory
All the radicals under study have 36 normal modes. Ground state frequency calculations are performed for C 6 H 5 CHCl, C 6 H 5 CCl 2 as well as C 6 H 5 CCl 2 on the level of ROHF/6-31G** using the GAUSSIAN 94 program.
12 Correlation of modes of different radicals is made by carefully comparing mode structures depicted according to calculated displacement of atoms.
Ground state rotational constants are calculated by optimizing the ground state geometry of the radicals. A ROMP2/6-311G** level calculation is performed for benzyl, while a ROMP2/6-31G** level calculation is done for C 6 H 5 CHCl, C 6 H 5 CCl 2 .
The introduction of heavy halo atoms into the benzyl radicals makes high level calculation a formidable task. We did not calculation the excited state structures of the ␣-halobenzyls.
For C 6 H 5 CH 2 and C 6 H 5 CHCl, CIS/6-31G and CIS/6-311G** calculations are performed to obtain some information on their electronic transitions. Although these low level calculations do not give accurate transition energies and predict a reversed order for the two closely lying excited states, 1 2 A 2 and 2 2 B 1 in the benzyl radical, they still reveal some valuable information; this includes the electronic configurations for excited states, orientation of electric dipole moments, and a relative comparison of the oscillator strength for different transitions.
For rotational band contour analysis, we choose to follow previous examples 13 employing trial and error simulation. Checking through the available rotational constants for various substituted benzyl radicals, 1-3,5 we notice that the changes are typically 2%-5% for (AЉ -AЈ)/AЉ, and 0-3% for (BЉ -BЈ)/BЉ and (CЉ -CЈ)/CЉ, respectively, in which AЉ, BЈ, CЉ and AЈ, BЈ, CЈ are ground and excited states rotational constants, respectively. We start with the calculated ground state rotational constants, guess a temperature value ͑10-20 K for pyrolysis generated radicals͒ and a resolution value ͑0.5-1.0 for our low resolution spectra͒, then vary AЈ, BЈ, and CЈ values within the above range. The band contour simulation program used is written by Martinez 13 for asymmetric rigid rotors.
III. RESULTS
A. Generation of radicals
C 6 H 5 CH 3 , C 6 H 5 CH 2 I, C 6 H 5 CH 2 Br, and C 6 H 5 CH 2 Cl are used to generate C 6 H 5 CH 2 for the photolysis. The first three precursors give only C 6 H 5 CH 2 , while the latter one gives mostly C 6 H 5 CH 2 along with some C 6 H 5 CHCl. The photolysis of C 6 H 5 CHCl 2 gives mostly C 6 H 5 CHCl with some amount of C 6 H 5 CCl 2 , while that of C 6 H 5 CCl 3 gives only C 6 H 5 CCl 2 . All these products are as expected and are readily identified in their own specific mass channels.
While pyrolysis of C 6 H 5 CH 3 , C 6 H 5 CH 2 I, C 6 H 5 CCl 3 give the same results as photolysis does, pyrolysis of the other precursors ͑C 6 H 5 CH 2 Cl, C 6 H 5 CH 2 Br, and C 6 H 5 CHCl 2 ͒ shows somewhat different behavior. At first, pyrolysis of C 6 H 5 CH 2 Cl gives both C 6 H 5 CH 2 and C 6 H 5 CHCl with comparable intensity in the LIF spectrum. Actually this has been observed in an earlier pyrolysis/LIF experiment, 14 but peaks belonging to C 6 H 5 CHCl were assigned as C 6 H 5 CH 2 hot bands. After about half an hour of continuous pyrolysis, C 6 H 5 CHCl becomes the only product detectable by LIF generated from the C 6 H 5 CH 2 Cl precursor. The same behavior is found for the C 6 H 5 CH 2 Br precursor; eventually C 6 H 5 CHBr becomes the only detected radical by LIF from this precursor. The pyrolysis of C 6 H 5 CHCl 2 produces both C 6 H 5 CHCl and C 6 H 5 CCl 2 with comparable intensity of each spectrum.
B. Spectra
Overview
LIF spectra have been taken for C 6 H 5 CH 2 , C 6 H 5 CHCl, C 6 H 5 CCl 2 , and C 6 H 5 CHBr generated by pyrolysis, while MPI spectra have been taken for the first three species following photolysis. Spectra are shown in Figs. 3 and 4.
Pyrolysis/LIF spectra are taken in the 21 900 -22 600 cm Ϫ1 range. These spectra are of rotationally hotter molecules than those derived from the photolysis/MPI pro- cess. This is due to the intrinsic characteristics of the pyrolysis method and the absence of a skimmer in the beam path. The rotational temperature for these spectra is estimated at around 15 K. The relatively hotter spectra show clearer rotational band contours that are helpful in assigning the vibronic structure of the radicals.
Photolysis/MPI spectra are taken in both the C460 and C440 dye tuning ranges, as shown in Figs. 4͑a͒ and 4͑b͒, respectively. Note that the A 3 peak of C 6 H 5 CHCl in Fig. 4͑a͒ appears much weaker than that in Fig. 4͑b͒ due to the decline of the C460 dye laser intensity. Assignment of C 6 H 5 CH 2 features are made based on Refs. 1, 3-6. We attempt to assign the spectra of the ␣-halobenzyl radicals based on ͑1͒ the similarity of the spectra of all four radicals, especially the pyrolysis/LIF spectra, ͑2͒ rotational band type, and ͑3͒ vibrational frequency calculations for the ground state radicals and CIS calculations for the electronic transitions of C 6 H 5 CH 2 and C 6 H 5 CHCl.
Rotational band contours
Band contours of some prominent vibronic features from the spectra of various radicals are shown in Fig. 5 Table I . The first two bands are of B type and the latter two are of A type, since they are originated from a(z) and b(y) polarized vibronic transitions, respectively. Band contours of A 2 and 1 2 A 2 6a 0 1 are shown in Figs. 5͑a͒ and 5͑b͒ along with simulations. For our low resolution spectra, it appears that rotational band type is the most important factor in determining the shape of a band. Small variations of rotational constants do not show up obviously in the simulated band contours. This should also be true for the other radicals studied.
The rotational band contour of the C 6 H 5 CCl 2 feature at 22 131.3 cm Ϫ1 is simulated as an A type band ͓Fig. 5͑c͔͒ using parameters listed in Table I along with 0.8 cm Ϫ1 resolution and a 15 K rotational temperature. On the other hand, the rotational band contour of C 6 H 5 CHCl cannot be simulated as a pure A or B type band. Instead, mixed band types are fit to all four prominent features in its spectrum. These fitting parameters are listed in sition dipole moment of C 6 H 5 CHCl is not oriented in the same direction as either the a or b rotational axis. This result is supported by the ab initio CIS calculation discussed below. This is a reasonable finding considering that the electronic transition of C 6 H 5 CHCl under study has essentially originated from the seven electrons of the skeleton carbon atoms, and should therefore largely retain the C 2v character of C 6 H 5 CH 2 . On the other hand, the orientation of main rotational axes a, b, and c is changed upon substitution of Cl for H due to the significant change in molecular mass distribution.
Benzyl radical
All of the observed features of the benzyl radicals and some of their vibronic band type assignments are listed in Table II 
␣-chlorobenzyl radical
All the bands observed for the ␣-chlorobenzyl radical are listed in Table III , as well as some assignments. The spectra of C 6 H 5 CHCl and C 6 H 5 CH 2 are apparently somewhat similar. As for C 6 H 5 CHCl, the CIS calculation indicates a first excited state with AЈ symmetry ͓B 2 in C 2v for (yz) preserved as in Fig. 1͔ and a weak electronic transition to this state from the ground state which is polarized along the c(X) axis direction. The existence of this state is not evident in the spectroscopic range accessed in these studies in any of the benzyl-type radicals. The ground state and the second and third excited states all have AЉ symmetry in the C s group. The calculated transition electric dipole moments in Table IV actually show that the 2AЉ←1AЉ and 3AЉ←1AЉ transitions are polarized along Y and Z axes ͑see Fig. 1͒ , respectively. Further, the ratio of oscillator strength for the 3AЉ←1AЉ transition over the 2AЉ←1AЉ transition is 5. is almost exactly the distribution calculated for the transition dipole moment of the 3AЉ←1AЉ transition. This correspondence supports the parallel between the C 6 H 5 CH 2 and the C 6 H 5 CHCl spectra. Table V shows the correlation between some of the im- a Notation for vibronic bands to the red of the origin is adopted from Ref. 1, while that for vibronic bands A 1 through A 9 to the blue of the origin is adopted from Refs. 4-6. portant vibrational modes of C 6 H 5 CHCl and C 6 H 5 CH 2 . A careful comparison of the calculated mode structure of the two radicals indicates that out-of-plane modes ͑with aЉ symmetry in C 6 H 5 CHCl, and a 2 or b 1 symmetry in C 6 H 5 CH 2 ͒ and those modes with little or no motion in ␣-H͑Cl͒ atom positions remain essentially the same for the two radicals, while some of the in-plane modes, which involve large amplitude motion in ␣-H͑Cl͒ atom positions, change dramatically for the two radicals.
The 6a ͑a 1 symmetry͒ mode is one of those that changes significantly between the two radicals. Two aЈ modes ͑cal-culated as 339.0 and 557.1 cm Ϫ1 ͒ of C 6 H 5 CHCl show some characteristics of the 6a mode of C 6 H 5 CH 2 . The lower frequency mode of these two is also observed as a hot band at 21 686.8 cm
Ϫ1
, with a frequency of 358.4 cm
. The 6b ͑b 1 symmetry͒ mode has little motion at the two atoms bound to the ␣-carbon, and should therefore be preserved in C 6 H 5 CHCl. Indeed, we have observed this mode as a hot band at 21 432.5 cm
. The ground state frequency of this mode for C 6 H 5 CHCl is 612.7 cm Ϫ1 compared to 617.1 cm Ϫ1 for C 6 H 5 CH 2 .
␣-bromobenzyl radical
C 6 H 5 CHBr is generated by the pyrolysis process from the only available precursor C 6 H 5 CH 2 Br. The spectra is presented in Fig. 3 . All bands observed for this radical are listed in 
␣-dichlorobenzyl radical
The vibronic bands observed for C 6 H 5 CCl 2 are listed in Table VII . Only one feature in the photolysis/MPI spectrum of the ␣-dichlorobenzyl radical is intense, as shown in Fig. 4 . This makes a straightforward assignment of the C 6 H 5 CCl 2 spectrum rather problematic. Values presented are projections of electric dipole moments along a, b, and c axes ͑see Fig. 1͒ . 
Isotopes
Photolysis/MPI spectra have been recorded for all the Cl isotopmers of C 6 H 5 CHCl and C 6 H 5 CCl 2 . The signal intensity ratios are 3:1 for C 6 Cl:C 6 H 5 C 37 Cl 2 , as expected. Unlike the significant change in vibronic structure caused by deuteration of the benzyl radical, 4͑b͒,5͑c͒,6͑c͒,6͑d͒ the vibronic structure and band contours of these ␣-chlorobenzyl isotopmers are essentially identical. The isotope shift of peak positions are on the order of 0.1 cm
Ϫ1
, compared to that of 0.14 cm Ϫ1 found for the first singlet-singlet electronic transition origin of 35 Cl-and 37 Cl-C 6 H 5 .
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IV. DISCUSSION
A. Radical generation by pyrolysis
The results of the pyrolysis of C 6 H 5 CH 2 Cl, C 6 H 5 CH 2 Br, and C 6 H 5 CHCl 2 are somewhat unexpected, since the C-X (XϭCl,Br) bond is the weakest one in these precursors. One would anticipate that the C-X bond would break first and give mainly the C 6 H 5 CH 2 radical, rather than C 6 H 5 CHCl ͑Br͒ from C 6 H 5 CH 2 Cl ͑Br͒, and ͑C 6 H 5 CHCl ϩ C 6 H 5 CCl 2 ) from C 6 H 5 CHCl 2 . The observed results are understandable, however, if one considers the process in the pyrolysis tube in detail. As already studied in earlier work, 10, 11 we know that the pressure drop for the gas flow in the SiC tube is small, and the dwell time in a one inch long tube is on the order of a few tens of s. Taking C 6 H 5 CH 2 Cl as an example, at a temperature as high as 1000 K, one can expect the following reaction occurs first: As an estimate, we take the residence time of precursor molecules in the hot zone as 20 s, the mean pressure in the tube as 1 atm, and the precursor molecules as comprising 1% of total gas flow. According to Bensen, 16 reaction ͑2͒ has a ⌬H of Ϫ22 kcal/mol and the activation energy of ϳ1 kcal/mol. As for reaction ͑3͒, we know that the bond energy of C 6 H 5 CH 2 -H is about 86 kcal/mol and that of C 6 H 5 CHCl-H should be lower. So this reaction is also an exothermic radical metathesis reaction, and its activation energy should also be small. 16 Therefore, both reactions ͑2͒ and ͑3͒ are possible in the pyrolysis process.
Actually, in earlier studies 17 As for C 6 H 5 CH 2 Br and C 6 H 5 CHCl 2 , although energetically reactions similar to reactions ͑2͒ and ͑3͒ are not quite so favorable, one can still expect similar reactions take place.
In a series of studies 18 on the pyrolysis of C 6 H 5 CH 2 Cl, C 6 H 5 CH 2 Br, and C 6 F 5 CH 2 Br in a C 6 H 5 CH 3 flow, the species C 6 H 5 CHCl, C 6 H 5 CHBr, or C 6 F 5 CHBr are not identified. This is probably due to the large amount of C 6 H 5 CH 3 compare to the studied molecules ͑100 times as much͒. As already known, C 6 H 5 CH 3 is very effective in removing various radicals by the mechanism C 6 H 5 CH 3 ϩR→C 6 H 5 CH 2 ϩHR, ͑7͒
in which R represents radical. Therefore, X, C 6 H 5 CHX (XϭCl, Br), or C 6 F 5 CHBr formed ͑if any͒ should be removed by C 6 H 5 CH 3 , leaving only C 6 H 5 CH 2 as a major radical species, while in our case, C 6 H 5 CH 2 Cl͑Br͒ and C 6 H 5 CHCl 2 serve as the major radical scavengers in Eq. ͑7͒ above.
B. Vibronic structure and substituent effects
The benzyl radical and many of its ␣-substituted analogs are alternant hydrocarbons with 7 electrons. The first electronic transition (1 2 A 2 ←1 2 B 1 ) of the benzyl radical is symmetry allowed, but has only weak transition intensity. This is due to a so called ''accidental forbiddenness,'' an accidental cancellation of two dominant terms in the expression for the transition dipole moment. 19,5͑d͒ The complicated and relatively stronger vibronic features to the blue of the origin transition are mainly caused by vibronic coupling. , but the vibronic structures of these transitions are heavily perturbed, especially by the internal torsion motion of methyl group.
Consider, now the spectra of the ␣-halo substituted benzyl radicals. As is analyzed earlier, the observed electronic transitions of these radicals are either the same as, or closely analogous to, that of the parent benzyl radical, and their transition origins are all weak and lie within 100 cm Ϫ1 of those of the benzyl radical and each other. This means that the substitution of a halogen on the ␣-carbon has only a very small effect on the relative energy levels of the electronic states studied, and does not change the accidentally forbidden nature of the first electronic transition observed.
Considering the similarity between the vibronic structures of the benzyl radical and ␣-halobenzyl radicals, i.e., the weak electronic origin transition in the vicinity of 22 000 cm Ϫ1 and the rather strong vibronic transitions to the blue of origin, we tend to believe the vibronic bands of the ␣-halobenzyl radical originate from a vibronic coupling scheme similar to that found for the benzyl radical.
As just mentioned, 11ϩ16a, 6b and 8b modes are believed to be the main modes that couple the 1 2 A 2 and 2 2 B 1 states to form the A 1 , A 2 , and A 3 vibronic bands of the benzyl radical, while 18b has only a minor contribution to this C 6 H 5 CH 2 coupling scheme but significant contribution to some vibronic bands found for C 6 D 6 CD 2 . The mode analysis discussed above points out that little or no ␣-carbon H or X motion is present for the 11, 16a, 6b modes. From Table V we can see that the ground state energy of these modes are all essentially unchanged in C 6 H 5 CHCl and C 6 H 5 CCl 2 , while the ␣-group bending mode 18b is significantly reduced in energy upon H/X substitution. The same trend should hold for excited states. Now if we compare the shifts of the A 1 , A 2 , and A 3 features with respect to the origins of the radicals studied, we can see an obvious decrease in the shifts upon substitution ͑see Tables II, III, VI, VII͒. Apparently, this can not be caused by 11ϩ16a, 6b or 8b modes which remain almost unchanged. The possible source of this decrease could be either from a reduction of the separation between the first two excited states, or from an increase of the contribution from the 18b mode with a much reduced energy, or both. A detail dispersed emission or PFI study of the strong vibronic features similar to that done for the benzyl radical will help in elucidating these probabilities.
The two vibrational modes 6a and 6b merit more attention because they are both very active in benzyl radical spectrum. The parentage of these two modes can be traced back to the doubly degenerated mode 6 of benzene. In the benzyl radical, 6b is one of the major modes involved in the vibronic coupling process between the 1 2 A 2 and 2 2 B 1 states. 1 2 A 2 6a 0 1 , and hot bands 6a 1 0 and 6b 1 0 all have intensity comparable to or even larger than the origin band. In ring substituted benzyl radicals, both 6a and 6b modes are subjected to significant change caused by the motion of the substituent atoms or groups. A reverse order of frequency is suggested by Cossart-Magos et al. 1͑d͒ and Selco et al. 3͑c͒ in the case of xylyl radicals. In the p-xylyl radical, 6b and 6a are believed to have frequencies of 458.3 cm Ϫ1 and 637.3 cm
Ϫ1
, respectively, compared to 617.1 cm Ϫ1 and 524.9 cm
, respectively, observed for the benzyl radical.
As is mentioned earlier, while analyzing the spectra of C 6 H 5 CHCl and C 6 H 5 CCl 2 in Sec. III B, the motion of ␣-substituted halo-atoms in the 6a mode cause drastic change in both mode pattern and energy. In the case of C 6 H 5 CHCl, 6a has actually lost its clear identity, and two modes both show the characteristics of 6a. In the 6b mode the halo-atoms move almost not at all, and thus the mode experiences little change upon substitution, as is shown both in the experimental and calculated results ͑Table V͒. Both 6a and 6b are not as active in ␣-halobenzyl radicals as they are in benzyl. This can be seen by the fact that no prominent vibronic band can be assigned as 6a 0 1 , and their hot bands have much smaller intensity in ␣-halobenzyl radicals compared to that found for the benzyl radical. While it is obvious that the change in both mode pattern and energy of the 6a and 6b modes in substituted benzyl radicals depends on the change in the amplitude of the motion of each atom and group ͑especially the substituent͒, the cause of the change in their vibronic band intensity is not as clear.
V. CONCLUSION
In this work, both photolysis and pyrolysis techniques have been used to generate the ␣-halobenzyl radicals C 6 H 5 CHCl, C 6 H 5 CHBr, and C 6 H 5 CCl 2 . Secondary reactions dominate the later stages in the pyrolysis generation of C 6 H 5 CHCl and C 6 H 5 CHBr.
The gas phase spectra of these radicals are obtained unambiguously by both LIF and MPI detection techniques. Assignment of important vibronic bands is made by comparison of the spectra of these radicals to that of the benzyl radical, and with the help of rotational contour analysis, vibrational mode analysis, and ab initio calculations.
Substitution of halogen on the methylene group of the benzyl radical has only a modest effect on the vibronic transitions studied. The vibronic structure of the three radicals are similar to one another and are not very different from that of the benzyl radical. This observation suggests a similar vibronic coupling scheme for these ␣-halobenzyl radicals. The reduced separation between the 1 2 A 2 ←1 2 B 1 transition origin and strong vibronic bands A 1 and A 2 may be caused by the change in detailed vibronic coupling mechanisms. The first two electronic states are closer to one another and the 18b mode is more active for these ␣-substituted benzyl radicals than for the benzyl radical.
Changes in vibrational modes depend on whether or not the substituted ␣-halo atoms are involved in any large amplitude motion. Vibronically active modes 6b, 8b, 11, 16a remain essentially unchanged upon substitution, while the totally symmetric mode 6a is one of the most changed low energy modes.
